An experimental study of the efficiency of recently predicted photonic crystal (PhC) based spatial filtering is provided. Photonic structures are fabricated using a direct laser writing technique employing point-by-point modification by tightly focused femtosecond pulses in soda-lime glass. Such PhCs are characterized by using an s-coefficient -a parameter defining PhC filter efficiency. We explore the dependences of filtering efficiency on different laser writing conditions, such as irradiation peak intensity and the polarization of laser beam. In addition, we show that the PhCs can also exhibit even asymmetric shapes of voxels under particular conditions.
Introduction
Spatial (or angular) filtering is frequently used to improve the spatial quality of light beams by removing the undesired angular or far-field components of the radiation. A conventional design for spatial filtering comprises a confocal system of lenses with a diaphragm of appropriate diameter positioned in the confocal plane, blocking the undesired angular components of the spatial spectrum [1] . Such a configuration extends over at least two focal lengths of both lenses and is of a relatively large size -it could hardly be used in micro-or nano-scale photonic devices. Other, more sophisticated arrangements for spatial filtering based on liquid-crystal cells [2] , utilization of thin film interfaces [3] , anisotropic media [4] , metallic grids [5] , possibly including monolithically integrated passive beam shaping elements [6] , etc. have not resulted in widespread technological applications. Recently, an alternative approach to spatial filtering has been suggested, which is based on propagation of light beams through photonic crystals (PhCs) -materials with a periodic modulation of the refractive index on a wavelength scale [7] [8] [9] [10] . PhC based spatial filters are potentially advantageous due to their relatively small size as compared to the conventional spatial filters, that could enable the integration of such filters into microoptical devices or micro-laser resonators.
The well-known property of PhCs is the appearance of photonic band gaps, i. e. forbidden frequency ranges at which light waves cannot propagate [11] . Thus, the PhCs can provide frequency (chromatic) filtering, eliminating (reflecting) specific frequency components from the incident radiation. Similar to the chromatic band gaps, angular band gaps can also appear in PhCs, which can be engineered in such a way that for a given frequency only on-and around-axis waves are allowed to propagate. Angular filtering has been shown in twoand three-dimensional (2D and 3D) PhCs in the microwave and infrared regime [7] [8] [9] [10] . The most simple mechanisms of spatial filtering by PhCs are based on angular band gaps, which appear if a condition related to a longitudinal modulation period, d || < λ, is met. However, despite the enormous progress in micro-and nanostructure fabrication technologies, the latter condition is still difficult to fulfill in the visible and near-infrared ranges. Perhaps, this is the reason why the spatial filtering by angular band gaps has never been experimentally dex modulation suggests the possibility of inscription of such PhCs into the bulk of transparent materials, such as glass, by using femtosecond direct laser write techniques. Glass is an excellent alternative to other media, such as photoresists used in 3D laser lithography, that are more prone to issues with shrinkage, noise sensitivity and also destructive optical breakdown [20, 21] . However, this technique typically allows refractive index modulation, that is on the lower side (≈10 -3 ) of the required index modulation, therefore a careful choice of processing parameters must be made in order to maximize it.
Due to the fact that relatively small transversal periods (of the order of 1 and 2 µm for 2D and 3D axisymmetric PhCs, respectively) were used in the multilayer structures, formation of successive layers can modify the previous one and induce tension in the area of further successive layer fabrication. This makes it difficult to characterize such structures using conventional meth ods, such as phase contrast microscopy. The solution uses a characterization method based on the socalled s-coefficient, that is a phenomenological constant and allows the characterization of periodic structures without knowing its specific details (such as the amplitude Δn max of refractive index modulation, the profile of refractive index change, the size of the modified regions or, more particularly, the longitudinal size of the modifications Δl). The s-coefficient can be interpreted as the scattering coefficient of one crystalline longitudinal period of the structure and expressed by (see Appendix A and B for detailed derivation)
Δn max Δl/λ 0 ,
and as it was shown in [16] , can be used as a tool for determining the most appropriate crystal geometry for available laser processing parameters for a given application. For example, if we consider that for a given set of PhC fabrication we know the value of s, and a particular application requires 100% intensity depletion along a predefined filtering angle α for an arbitrary input beam, then to determine the number of PhC periods N needed to achieve the best result we can use the condition s·N ≈ 1.5 (see Fig. 2 ). In addition, an approximate line width could be determined, which follows the relation . Similarly, controlling s might also be beneficial for other applications, e. g. axisymmetric super-collimation [22] or flat lensing [23] . A more complete overview of progress made in the field of PhC filters can be found in [24] .
Although the s-coefficient has been found to be useful in determining the behaviour of the PhC filter, it should be stressed that the dependence of s on any of processing parameters, such as DLW speed, peak As an alternative to the spatial filtering based on the angular band gaps, a mechanism of PhC based spatial filtering was proposed with the PhCs arranged in a gapless configuration [14] . In the latter case, a deflection of the angular components of radiation in the forward direction is observed (see Fig. 1(a) ). The gapless spatial filtering can be obtained for substantially larger longitudinal periods of modulation d || > λ (we will use d z to denote the thickness of one layer, two layers comprise one period d || = 2d z ); hence, current fabrication techniques can be applied more easily. Such kind of filtering has been recently demonstrated experimentally in different 3D configurations using PhCs with a square symmetry in transverse space [15, 16] , as well as photonic structures with axisymmetric rings [17, 18] . The gapless filtering has been recently proposed also to clean atomic ensembles on Bose-Einstein condensates [19] .
Another advantage of the proposed spatial filtering alternative is the required relatively low refractive index modulation (of the order of 10 -2 ), that is around two orders lower compared to [7] [8] [9] [10] . Such a low indemonstrated in optics. We note the recent demonstration of spatial filtering in acoustics by the so-called sonic crystals [12, 13] , where the fabrication of structures on a millimeter scale is less challenging.
intensity, pulse repetition rate, etc., has never been explored before. Little is known about optimization of PhC based filter fabrication conditions, in general. Therefore, this article is devoted to the experimental study of the PhC spatial filter efficiency depending on DLW conditions, or, in other words, the behaviours of the s-coefficient.
Materials and methods
The photonic structures were fabricated using a direct laser writing (DLW) technique employing pointby-point volumetric modification by tightly focused IR (λ = 1030 nm from a Yb:KGW laser) femtosecond laser pulses (FWHW/1.41 = 300 fs) in standard microscope soda-lime glass slides (Carl Roth, ISO 8037-1, n ref = 1.52). This method is widely used for the inscription of various micro-optical and photonic components in glass, such as waveguides [25, 26] , Bragg gratings [27] , as well as vortex generators [28] .
The geometry of fabricated PhCs is schematically depicted in Fig. 1(b) . It is the simplest case, that allows only one-directional filtering. The geometry consists of parallel equidistant layers that are arranged to be perpendicular (in the longitudinal direction) to the optical axis of an incident beam. Each layer contains a one-dimensional periodic arrangement of parallel linear modified regions. The transverse period (lateral distance between modifications) was chosen to be d x = 1 µm for the analysis of irradiation conditions. Every second layer is transversally shifted by half of the transverse period with respect to the previous layer. This results in N longitudinal periods, each having two layers. The length of longitudinal periods was selected to be 2d z = 6 µm.
During formation of PhCs focusing was achieved by using a Zeiss 63 × 1.4 NA objective. PhC length was limited by the maximal working distance of the objective, i. e. ≈300 µm, that for the given geometry corresponds to the highest possible number of periods of N max = 50. A lower NA <1 objective lens, as used in [16, 19] , might be more suitable for generating higher length modifications Δl with a potentially higher amplitude of the refractive index modulation Δn max , but results in spherical aberrations. Also, large period number PhCs are difficult to realize as mechanical stress accumulated throughout the structure can induce failures, leading to crack formation or even shattering. The process is similar to that which is used for cleaving brittle materials [30] .
The fabrication algorithm and the fabrication setup are reported in detail in [15] . PhCs were inscribed layer by layer by relative translation of the focal point inside the bulk of the glass sample. The translation speed was limited to v max = 5 mm/s, beyond which error free fabrication was not possible. We varied the pulse frequency f and pulse energy E during the first experiment phase, whereby E was established by measuring the average beam power before the objective and by taking into account the total transmittance of the objective. The number of pulses per unit length (PPUL) was fixed at 20 μm -1 , which allows us to compare our results to those achieved in [16] . f was selected to be 25, 50, 100 and 200 kHz. E values were set in the range of 0.01 μJ to 0.3 μJ. We calculated the peak intensity (irradiance) values as in [29] , with an approximate beam waist radius ~300 nm.
For every discrete combination of such parameters we formed 100 × 100 μm 2 transversal size crystals having a different number of periods N. It should be noted that if the s-coefficient is below the approximate value of s < 0.025, in order to achieve the condition of full filtering dips defined by the relation s•N ≈ 1.5, a large number of longitudinal periods N > 60 is required, whereby for samples of f = 200 kHz this condition was not met due to low filtering performance. Structures having a large number of periods, fabricated using high values of E and I, succumbed to cracking, which was expected due to the fact that soda-lime glass is prone to thermal shock and has a higher expansion rate than optical grade glasses such as fused silica. Therefore, results for some low s-coefficient structures have not been analyzed. Furthermore, producing a sufficient number of samples is difficult due to the allowed processing speeds. This can be illustrated by taking into account time needed to produce an array of PhCs for f = 25 kHz, with at least 12 values of E, and N = 3, 4, 5 … 50. Such an array takes at least ~3 days to produce, whereby for f = 1 kHz it would take at least 71 days, therefore an experimental part of this article dealing with the relation of s to E (including I) and f has been limited to only a few frequency values acceptable for the level of the scope and scale of this study.
An interesting effect that we observed was the scattering efficiency asymmetric behaviour, that is discussed in further section. To minimize the dependence on multiple variables we employed a new single directional raster scan pattern in the DLW process of each individual layer of the PhCs. We selected 4 fixed angles of the linear polarization plane (electric field vector E). The plain was fixed to be parallel to the z axis and at γ = 0° parallel to the x axis. Other positions γ = 45, 90, 135° are defined counter-clockwise to the positive z axis. The PhCs (and line structures) used for asymmetry observation were written using the fabrication parameter values: f = 2 kHz, E = 65 nJ (I = 56 TW/cm 2 ), v = 500 μm/s (PPUL 4 μm -1 ), N = 20, where a lower frequency and PPUL value were chosen to reduce thermal accumulation effects while maintaining a reasonable processing speed.
Characterization of the fabricated PhCs was carried out by illuminating the samples with a continuous 633 nm wavelength He-Ne laser beam focused into PhC samples with a 10 × 0.25 NA objective (see Fig. 3(b) ). Focusing provided a large angular range of the radiation illuminating the PhC. To register the output, a CCD camera was placed 11 mm behind the sample in a fixed position. Only the central beam part of the radiation was recorded.
By measuring the angular intensity profile at the output of the PhC, we determined which components are filtered out. The s-coefficient was determined by calibrating numerical simulation data (derived by solving the paraxial propagation equation with a scattering matrix algorithm as in [15, 16, 24] , and also by using the split-step procedure as described in Appendix C, whereby both gave equivalent results) with spatial intensity spectra behind PhCs of varying N.
Calibration was performed while measuring the saturation value N max(s) for which the filtering depth reaches the first peak as in Fig. 2(b) .
For sample inspection, we additionally used an optical microscope. To perform the observations the glass samples were cut (using a manual glass cutter), optically polished perpendicularly to the inscribed lines with varied d x (variation in the range of 0.5 to 3 μm), and then examined under an optical microscope in the transmittance regime (Fig. 4) . Smaller peak intensity values were used to produce the high contrast clearly observable line structures, since with higher lev els of exposure the structures overlap more strongly, and change of spatial boundaries is even more difficult to observe. We chose the described inspection routine due to several reasons, such as a large size of a sample, the complexity of a structure and a small size of the modifications, which made the use of other possible inspection methods, such as microelipsometry [31] or refractive near-field techniques [32] [33] not feasible.
Results and discussion

Scattering efficiency measurement results
The basic results are shown in Fig. 4 , in which a crosssection view of extending modified areas is shown, and further summarized in Fig. 5 . s-coefficient dependence on pulse energy has maxima for different frequencies of The general trend in Fig. 5 allows claiming that the refractive index modulation depth of structures produced in glass is increasing with increasing pulse energy. However, not only the modulation depth increases with increasing pulse energy, but also the geometrical parameters change. We assume that when the size of index modified areas becomes too large (Fig. 4 shows that with increasing E the modified refractive index structure increases in size), they start to overlap (clearly observed for the d x = 1 μm case), thus reducing the index modulation depth of the periodic structure and causing the decrease of the s-coeficient value for higher pulse energy/peak intensity values (Fig. 5) .
By examining the single layer gratings, it was observed that the overlap of index modification areas occurs before reaching the critical pulse energy (resulting in the highest s, Fig. 5 ). This might seem like a counterintuitive result, but for parameters, such as used in our experiment, soda-lime rarefaction (decrease of density) occurs at the centre of the femtosecond pulse absorbing area and densifications at the boundaries, and when densified areas from two linear modifications overlap, then the largest modulation depth is achieved. If we take into consideration Eq. (1) and assume a continuous refractive index modulation pattern (see Appendix B), then the maximum local depth would be Δn max ≈ 2 · 10 -3 , which is a smaller value than that estimated in [16] .
It should be noted that this overlap mechanism is not always clearly observed for different gratings at various writing conditions, as seen from Fig. 4 . For low modulation depths (low values of s < 0.025) the modifications can be optically observed (e. g. E = 39 nJ), but no sufficiently functional PhCs can be produced. Therefore, a high optically observable contrast is not indicative of the observable filter performance. Fig. 4 . Six examples of optical microscope cross-section views of mechanically cut and polished samples containing lines written in glass (with two different minimal distances between the closest neighbours). DLW order was chosen to be in the positive x direction. Beam was incident in the +z direction. The pulse repetition rate was f = 2 kHz. 
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Asymmetric voxels
Weakly asymmetric filtering spatial spectra patterns were observed in the cases of the far-field component diffraction from +k x to +k x +q x becomes more efficient (less efficient for -k x to -k x -q x ). This implies that in order to describe the PhC filter not one but two scattering coefficient values are needed: s +q ≠ s -q and also the refractive index modified structure is itself asymmetrical, the asymmetry depends on both the polarization and the relative scanning direction of the DLW beam.
The modified refractive index areas most probably contain an effectively tilted structure. To check the viability of such assumption, we performed numerical calculations to simulate PhCs having a harmonic type volume grating structure with different angles of a tilt. The tilted structures and resulting beam angular spectra are shown in Fig. 7 . No asymmetry is observed when voxels have a zero tilt ( Fig. 7(a) ), yet the asymmetry starts to appear with a homogeneously increased tilt angle as seen in Fig. 7(b-c) .
We expected a semi-homogeneous tilt structure, where the unidirectional raster scan was employed, but it was not always observed (e. g. the case in Fig. 6 : d x = 1.2 µm, γ = 45°). Also, a strong asymmetry was not always observed in the filtering patterns for the parameter sets of Fig. 5 , but a possible explanation is found in Fig. 7(d) . As the tilt direction is reversed for each individual PhC plain, structures of different tilt might compensate the effect. In reality, the refractive index profile might be even more complex, as can be seen from Fig. 4 , where Y-shaped cracks form along the length of the PhC.
Conclusions
In this article, we presented a study of PhC spatial filters characterizing s-coefficient dependence of laser direct writing conditions in soda-lime glass.
We have found that for different pulse repetition rates s increases together with the irradiation intensity peak value until it reaches a peak or saturation value. 
We have formulated a possible explanation, where for different fabrication conditions the redistribution of material density between successive linear writing operations plays a detrimental role in achieving the highest s-coefficient available. Under optimal writing conditions rarefaction at the centre of irradiation and densification around the rarefied centres can be beneficial in the formation of harmonic modulation of the PhCs layers, which is not seen in a conventional measurement due to increased diffraction. Also, we have shown that scattering from different intended filtering lines in the PhC transmittance spectrum can become asymmetrical for different DLW polarizations and scanning patterns. Therefore, the behaviour of PhC filters cannot always be described in using a single value s, but needs to be characterized in terms of separate values, for example, s +q , s -q . As a result, writing a 2D filter with maximal symmetry requires that PhC geometry factors, the DLW direction and beam polarization should be taken into account as well.
However, little is known about the distribution of the refractive index inside the processed glass that would help to further improve the technology and understanding of real PhCs. In light of this, more research is needed to improve the models and also the fabrication procedures for determining the best DLW conditions. A scattering operator (matrix) is defined as S j = exp(i 2 sM j ) (M j can be defined as (-1) i cos(qx), with j = 1, 2… N counting the PhC layers), together with a propagation operator . The resulting A 0 → A N field for a PhC having N layers can be calculated by iteratively performing this operation:
(PF (SA j-1 ) ).
F and F -1 are the discrete Fourier and inverse Fourier transform operators.
If the structure is irregular, (C1) has to be modified to be applied not N times, but m · N. In this case, m is the sublayer step number for a sublayer of thickness d z /m. S j,p and M j,p become dependent on an additional iteration number p = 1, 2, … m. A new parameter θ p is introduced: M j,p = (-1) j cos(qx + pθ p d z /m) to control the new phase term that is responsible for displacing the phase grating along the x direction for every sublayer step m in the z direction. The scattering coefficient must also be scaled s → s/m to avoid incorrect modeling m times more efficient PhCs. In the simplest case θ p = const, and selected according to the desired tilt value.
